have only been described sporadically (Le Scouarnec et al., 2015) .
The prevailing phenotype in loss-of-function SCN5A mutations is a progressive cardiac conduction disorder (Probst et al., 2006) . Typically, SCN5A mutations cause both atrial and ventricular conduction slowing, while these findings are not (or to a lesser extent) observed in SCN5A-negative BrS patients. As shown previously, this is evident from the resting 12 lead ECG by an increased PR interval and QRS duration (Maury et al., 2013; Smits et al., 2002) .
Data on other aspects of the genotype-phenotype relationship have only been described in small cohorts. In this regard, we wanted to focus on two parameters that correspond to ventricular conduction abnormalities: late potentials (LP) on signal averaged ECG (saECG) and fragmented QRS (fQRS) on the 12 lead ECG. LP are high frequency low amplitude electrocardiographic signals that were historically developed for risk stratification in patients after acute myocardial infarction as they correspond to delayed and fragmented activation of abnormal myocardial tissue (Simson, 1981) . LP were associated with a higher event rate in BrS in some small studies (Ajiro, Hagiwara, & Kasanuki, 2005; Huang et al., 2009; Ikeda et al., 2001 ). The second parameter that has been proposed as an additional risk marker is fQRS (Morita et al., 2008) .
It corresponds to myocardial scar in ischemic heart disease, but has been correlated with local epicardial conduction delay in an experimental model of BrS (Morita et al., 2008) . Evaluation of a genotype-phenotype correlation in these studies was hampered by a low number of genotyped patients and SCN5A mutation carriers. We hypothesized that the presence of LP and fQRS would be another feature that is highly dependent on the presence of a SCN5A mutation in BrS patients. Therefore, we evaluated both LP and fQRS in a relatively large cohort of LoF SCN5A mutation carriers. Furthermore, data on risk stratification for SCD in LoF SCN5A mutation carriers without diagnostic type 1 ECG are scarce.
Therefore, we evaluated markers that point to an increased risk for SCD in LoF SCN5A mutation carriers.
| ME THODS

| Study population
We retrospectively analyzed the database of the Center for Hereditary Heart Diseases of the University Hospitals Leuven to identify all BrS and conduction disease patients who underwent genetic testing for at least SCN5A and family members of patients with a known SCN5A mutation who were tested for the mutation present in the family. The cohort consisted of four different patient groups:
SCN5A LoF mutation carriers with BrS (SCN5A+BrS+), SCN5A LoF mutation carriers without BrS (SCN5A+BrS−), BrS patients without SCN5A mutation (SCN5A−BrS+) and genotype negative family members of patients with SCN5A LoF mutation (controls). Positive phenotype for BrS was defined according to the 2013 expert consensus document as the presence of a type 1 ST segment elevation in the right precordial leads in the standard or higher positions that was present either spontaneously or after provocation with a sodium channel blocker (Priori et al., 2013) . All patients with a SCN5A mutation underwent a provocative test with a sodium channel blocker (most frequently ajmaline, some older cases with flecainide or procainamide)
if resting ECG did not show a type 1 ECG. Ajmaline testing was executed by a stepwise infusion of 10 mg every 2 min up to a maximum of 1 mg/kg (Rolf et al., 2003) . Only patients that underwent saECG were retained. A combined clinical endpoint of SCD was defined as the combination of appropriate ICD shock, documented ventricular fibrillation or SCD. Patients were classified as symptomatic if they experienced probable arrhythmic syncope or the combined endpoint.
The research protocol was approved by the local ethics committee.
| Late potential measurement
All patients underwent saECG (Figure 1 ) in a supine position, at 40-Hz high pass filtering using Frank leads and a fast Fourier transform F I G U R E 1 Example of fragmented QRS (left panel) and late potentials (right panel) in a patient with a spontaneous type 1 ECG pattern and subsequent appropriate ICD shock filter on a MAC-5000 resting ECG analysis system (Marquette, GE Healthcare, Chicago, IL, USA). The test was performed during daytime. Details on the methodology have been published previously (Timmermans et al., 1994) . Recommended normal values for the different LP parameters were used: filtered QRS duration (filQRS) ≤124 ms in males and ≤116 ms in females, root mean square voltage of the last 40 ms (RMS40) ≥16 μV in males, and ≥15 μV in females, low amplitude signals <40 μV (LAS40) ≤42 ms for both genders (Marcus, Zareba, & Sherrill, 2007) . LP were considered positive if ≥2 parameters were fulfilled (Figure 1 ).
| ECG measurements
Of 12 lead ECG's were recorded using MAC 5500 (Marquette, GE Healthcare, Chicago, IL, USA). Automated analysis was done using the widely used 'GE Marquette 12SL TM ECG Analysis Program'. As such, automated measurements of PR interval, QRS duration, QT interval corrected for heart rate with Fridericia's formula (QTc), and RR interval were obtained. Fragmented QRS was measured according to the method specific for BrS patients proposed by Morita (Morita et al., 2008) . In short, the number of spikes inside the QRS complex in leads V1-V3 was counted. Fragmented QRS was present if ≥4 spikes in one lead or ≥8 spikes in lead V1, V2, and V3 were observed ( Figure 1 ).
| Mutational analysis
Different mutation detection techniques including direct Sanger sequencing and panel-based next generation sequencing were used to detect single nucleotide variation and small insertions/deletions.
Variant interpretation and classification was done according to a previously published algorithm specific for the SCN5A gene (Kapplinger et al., 2015) . Variants that were scored as 'probably pathogenic' and 'variant of unknown significance favor pathogenic' were considered as (likely) disease-causing. All variants were also assessed by the non-SCN5A-specific ACMG-AMP criteria, but since these criteria might be too stringent in this context, final classification of the disease-causing potential of SCN5A variants was not based on these criteria (Richards et al., 2015) . The functional effect of the mutations was classified as follows: truncating mutation (introduction of stop codon, frameshift or splice site mutations with assumed 100% reduction in peak sodium current of the mutated channel), missense mutation with ≥90% and ≤90% reduction in peak sodium current of the mutated channel (Meregalli et al., 2009 ). This classification was based upon reports in literature. 
| Statistical analysis
| RE SULTS
| Study population
The study population consisted of four different groups amounting to a total of 156 patients ( 35 did not (SCN5A+BrS−). Another 39 were diagnosed with BrS but did not carry a mutation in SCN5A (SCN5A−BrS+). Finally, 38 family members of index patients with a SCN5A mutation did not carry the familial mutation and served as controls. A spontaneous type 1 ECG was equally frequent in BrS patients with and without SCN5A mutation. ICD's were implanted in 43 patients. In Brugada syndrome, conventional indications were used to decide on ICD implantation.
In the SCN5A+BrS− group, ICD's were implanted in 10 patients: five for induction of VF during electrophysiological study (EPS), three for syncope with negative EPS, one for syncope with positive EPS and one for out of hospital cardiac arrest. Patients with 12 different mutations were included in this cohort (Table 2) . A SCN5A mutation was detected in 42% of the included probands (25 of 60). In total, 45 patients were included with a truncating mutation, three with a missense mutation with ≥90% peak I Na reduction, 20 with ≤90% peak I Na reduction and 11 with unknown functional effect. The BrS minor genes were tested in a subset of the probands (20 SCN5A−BrS+ and 9 SCN5A+BrS+), but no mutation was identified in any of these BrS minor genes.
| ECG parameters to distinguish between the different groups
First, we tested whether ECG parameters differed between the four predefined groups (Table 3) . Late potentials were more prevalent in the three disease groups compared to controls (p < .001).
The presence of LP was 68% and 63% in BrS patients with SCN5A mutation and BrS-negative SCN5A mutation carriers respectively, while they were only positive in 44% of BrS patients without SCN5A mutation (p = .063). Since LP were prevalent in the same order of magnitude independent of disease expression in SCN5A mutation carriers, we then grouped them together and compared them with SCN5A-negative BrS patients. SCN5A mutation carriers had both a longer filQRS and LAS40, while RMS40 was comparable compared to SCN5A−BrS+ patients ( Figure 2 ). This resulted in positive LP in 66% of the mutation carriers compared to 44% of the SCN5A−BrS+ patients (p = .021). There was no difference in fQRS between the four groups (p = .19). Likewise, fQRS was equally present in patients with LoF SCN5A mutation (14%) and SCN5A− Brugada patients (8%; p = .33). Finally, there was no difference in LP parameters and fQRS according to the type of functional defect.
| Predictors of SCN5A mutation in Brugada syndrome
ECG predictors for carrying a SCN5A mutation were evaluated in 83
BrS patients (Table 4) . While in the univariate model, five variables were predictive of carrying a SCN5A mutation including filQRS, LAS40, and the presence of LP, only PR interval was a predictor in the multivariate model. Receiver operator characteristic (ROC)
curve showed an area under the curve of 89 ± 3%. PR interval ≥ 180 ms had a sensitivity of 68% and specificity of 90% for carrying a SCN5A mutation in BrS patients. First degree AV block was highly specific for carrying a SCN5A mutation (specificity 97%, sensitivity 52%).
| Predictors of SCD in LoF SCN5A mutation carriers
Only five patients (all males) in the whole cohort reached the endpoint during a mean follow-up of 50 ± 60 months. Of these, four were carrier of a SCN5A mutation (follow-up 44 ± 52 months) resulting in an annual incidence rate of 1.37%. Three out of these four patients with SCN5A mutation did not have a diagnostic type 1 ECG either at baseline or after provocation with a sodium channel blocker. Several parameters were a predictor of the endpoint in univariate analysis including both filQRS and LAS40 (Table 5 ). In multivariate analysis, no predictors were significantly associated with events.
| Phenotype of SCN5A +BrS− patients with sudden death
Detailed phenotypes of the first two patients have been previously published (Rossenbacker et al., 2004) . The first patient was diag- 
| D ISCUSS I ON
In the present study, we demonstrate in a large cohort of SCN5A mutation carriers that LP were more prevalent in SCN5A mutation carriers compared to SCN5A-negative BrS patients, while fQRS was not. However, multivariate analysis indicated that PR interval was the only predictor of carrying a SCN5A mutation in BrS patients.
The annual rate of SD or ICD shock in SCN5A mutation carriers (N = 54) in regard to their baseline ECG (Smits et al., 2002) . The mutation carriers showed a prolonged PR interval and HV interval. These findings were confirmed in a larger French multicenter study that included 42 BrS patients with SCN5A mutation and 147
BrS patients without SCN5A mutation (Maury et al., 2013) . As in these previous reports, in our cohort consisting of 79 SCN5A mutation carriers, PR interval was significantly prolonged in mutation carriers independent of the expression of BrS. Furthermore, QRS interval was 9 ms longer in the SCN5A mutation carriers, similar to an earlier report on 138 BrS patients of whom 40 were SCN5A-positive (van Hoorn et al., 2012) . In fact, since SCN5A is expressed throughout the atria and ventricles, LoF mutations are expected to cause both atrial and ventricular conduction slowing and thus PR and QRS prolongation (van Weerd & Christoffels, 2016) . Apart from these electrocardiographic differences, MRI studies have shown that SCN5A mutation carriers also have subtle morphological differences compared to SCN5A-negative BrS patients (van Hoorn et al., 2012; Rudic et al., 2016) .
| LP and fQRS in SCN5A mutation carriers
Publications on LP and fQRS in BrS have mainly focused on risk stratification for SCD. Conflicting data have been published regarding the value of LP in risk stratification (Ajiro et al., 2005; Huang et al., 2009; Ikeda et al., 2001 Ikeda et al., , 2005 Take et al., 2012; Tokioka et al., 2014) . In all these reports, there was either no information on SCN5A mutation status (Ikeda et al., 2001 (Ikeda et al., , 2005 or the number of mutation carriers were low hindering evaluation of the relation between mutation status and LP: 8 in the Ajiro study (Ajiro et al., 2005) , 5 in the Chinese study (Huang et al., 2009) , 20 in the Take study (Take et al., 2012) and 17 in the Tokioka study (Tokioka et al., 2014) . Our study included 79 SCN5A mutation carriers and LP were more prevalent in SCN5A mutation carriers compared to non-SCN5A-related BrS. In univariate analysis, LP was a predictor of carrying a SCN5A mutation; however in multivariate analysis, only PR prolongation was predictive. In line with the more recent reports on LP and risk stratification for SCD, LP was not a predictor of events in our cohort. Furthermore, the high prevalence of LP in our cohort combined with the relatively low number of arrhythmic events argues against an important role of LP in risk stratification using current cut-off criteria. The observation that LP are more prevalent in SCN5A-negative Brugada syndrome patients (44%) compared to controls (13%) suggests that in these patients conduction is also impaired. This is in line with the recent GWAS findings and subsequent functional studies, which suggest that in SCN5A-negative Brugada syndrome patients, genetic variants in HEY2 and SCN10A affect SCN5A expression (Bezzina et al., 2013; van Weerd & Christoffels, 2016) .
Compared to LP, fQRS has consistently been shown to be a strong predictor of arrhythmic events in BrS (de Asmundis et al.,
2017; Maury et al., 2013; Morita et al., 2008; Priori et al., 2012; Take et al., 2012; Tokioka et al., 2014) . Morita was the first to describe this association and also provided guidelines on scoring fQRS in BrS patients, which is complicated by the presence of right bundle branch block on the resting ECG of a substantial proportion of patients (Morita et al., 2008) . In the largest prospective evaluation of BrS patients, the PRELUDE study including 308 patients, fQRS was a strong predictor of cardiac events, but again like in the other reports there was only a low number of SCN5A mutation carriers (N = 24) (Priori et al., 2012) . The Tokioka study reported no association of fQRS and SCN5A mutation status in 17
carriers. Also in a report on the prevalence of fQRS in Brugada syndrome, no association with SCN5A mutation status was observed. (Conte et al., 2016) In contrast with LP, fQRS was less frequently observed in our cohort. However, we could not identify a single predictor of SCD probably due to the low number of events.
| Methodological issues with LP and fQRS measurement and interpretation
There are some methodological problems regarding the different publications on LP and fQRS. First, there are different systems for acquisition of LP. These produce different results necessitating adapted normal values (Marcus et al., 2007) . In most publications on LP in BrS, the arrhythmia research technology (ART) 1200 EPX system (Fitchburg, MA, USA) was used, while none of them used the Marquette system as in our study (Ajiro et al., 2005; Huang et al., 2009; Ikeda et al., 2001 Ikeda et al., , 2005 Morita et al., 2008; Take et al., 2012; Tokioka et al., 2014) . According to these reports, LP were considered positive when two criteria were met: RMS40 < 20 μV and LAS40 > 38 ms. All these articles cite the first publication on LP in BrS concerning normal values; however, a reference or rationale on how these normal values were obtained is lacking (Ikeda et al., 2001) . Already in 2007, updated, more stringent normal values were published for the Marquette and the ART system after analysis of the available data in normal individuals (Marcus et al., 2007) . Whether using these updated normal values would change results in these initial reports is unclear, but it seems worthwhile to reanalyze the data. Our results point out that even these more stringent cut-off criteria are too lenient to have any value in risk stratification. Finally, it is also well known that LP have important circadian variability in Brugada syndrome patients, especially in those with documented arrhythmias (Yoshioka et al., 2013) .
Furthermore, this circadian variability is absent in ARVC, another arrhythmogenic heart disease characterized by the presence of LP (Abe et al., 2012) . Regarding fQRS, most studies used the definition proposed by Morita (Morita et al., 2008) . Only the PRELUDE study defined fQRS in a different manner as ≥2 spikes (apart from an R or R'
wave) in the QRS in leads V1, V2, or V3. Compared to the automated evaluation of LP, evaluation of fQRS is hindered by interobserver and intraobserver variability (Vandenberk et al., 2017) .
| Risk of sudden death in LoF SCN5A mutation carriers without Brugada syndrome phenotype
Out of the five patients that reached the composite endpoint of sudden death in our cohort, three were carrier of a LoF SCN5A mutation, but did not show a type 1 ECG either at rest or after provocation with a sodium channel blocker. This is remarkable, since this group of patients has traditionally been categorized as low risk. The group of Silvia Priori reported in 2002 on 13 patients with SCN5A mutation but negative flecainide test (Priori et al., 2002) . These were all identified through family screening and none of them had a history of syncope or sudden death. Similarly, Probst et al. reported no events during a mean follow-up of 93 months in 22 SCN5A mutation carriers without BrS phenotype that were identified through family screening (Probst et al., 2006) . In a multicenter European cohort on the incidence of sudden death and life-threatening arrhythmias in children with SCN5A LoF mutations, only six out of 33 children had a spontaneous type 1 ECG, while a sodium channel blocker test was only performed in two (Chockalingam et al., 2012) . The data indicate that several symptomatic infants did not show a spontaneous type 1 ECG; however since a sodium channel blocker test was only performed in a minority of children, BrS was not definitely excluded in these patients. Furthermore, there was an important selection bias. A Japanese multicenter study reported on the incidence of LoF SCN5A mutations in a cohort of 50 idiopathic ventricular fibrillation patients with signs of early repolarization on resting ECG and negative sodium channel blocker test and identified three LoF SCN5A mutations (6%) (Watanabe et al., 2011) . This last Japanese study, together with our findings, suggests that reassurance of carriers of a LoF SCN5A mutation solely based on the absence of a type 1 ECG (either spontaneously or provoked) is not possible. Larger studies are required to confirm these findings and to identify risk factors for sudden death in LoF SCN5A mutation carriers.
In fact, the presence of a SCN5A mutation in BrS has not been identified as risk marker for sudden death in most of the large studies and registries (Priori et al., 2012; Probst et al., 2010) . It was only very recently that the presence of a SCN5A mutation was first found to be a strong predictor of events in BrS in a large Japanese multicenter registry (Yamagata et al., 2017) . The strength of this study was that it only included probands, thereby avoiding selection bias of including more family members of severely affected families. Furthermore, familial history of SCD at young age was included in a recent risk score to predict SCD in BrS suggesting genetic background plays an important role in risk stratification .
| Limitations
Some of the drug provocation tests with sodium channel blockers were performed before the introduction of routine placement of ECG leads in the higher precordial leads (2th or 3th intercostal space). Therefore, some of the patients that were classified as SCN5A-positive but BrS-negative might actually belong to the BrSpositive group.
Not all missense mutations included in this cohort were formally functionally evaluated. For these three mutations, we assumed LoF based on occurrence of a phenotype compatible with a LoF SCN5A mutation either in our cohort or in literature. Furthermore, they were all classified as (likely) pathogenic based on the applied variant interpretation scheme (Kapplinger et al., 2015) .
The prevalence of SCN5A mutations in our cohort was high (42%) compared to the usual yield of SCN5A in BrS (25%) (Le Scouarnec et al., 2015) . This was probably due to the retrospective nature of the study with exclusion of patients that did not undergo saECG, which was probably more frequently performed in individuals with subtle conduction disturbances on their resting ECG.
Finally, in 2016 a novel diagnostic score system regarding BrS including clinical and familial variables has been proposed by an international group of experts, called 'Shanghai criteria' (Antzelevitch et al., 2017) . In the SCN5A+BrS+ group, 43 out of 44 patients had a definite diagnosis of BrS according to these criteria, while this was only the case for 25 out of 39 patients in the SCN5A−BrS+ group.
This was probably due to the fact that in index patients with SCN5A mutation, family screening was more frequently accepted by family members and thus the number of family members screened was higher in the SCN5A positive group (54 from 79 were relatives) compared to the SCN5A-negative group (four from 39 were relatives).
| CON CLUS IONS
Late potentials were observed more frequently in SCN5A mutation carriers compared to SCN5A-negative Brugada syndrome patients; however, fQRS was not. In patients with a Brugada syndrome phenotype, PR interval was the only predictor of carrying a SCN5A mutation. The annual incidence rate of a combined endpoint of SCD in SCN5A mutation carriers was 1.37%, not restricted to patients with a diagnostic type 1 ECG. Proper follow-up and risk stratification in SCN5A mutation carriers seem warranted independent of the presence of a type 1 ECG.
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